ABSTRACT: A series of low-bandgap polymers based on a soluble chromophore of 3,6-dithiophen-2-yl-2, 5-dihydropyrrolo [3,4-c] , and a fill factor (FF) of 61.8% was achieved, which is the best result among the DPP-based polymer materials. It is apparent that the PDPP-BDP-based device exhibits a very broad response range, covering from 300 to 850 nm. The results of the solar cells indicate that these types of materials are very promising candidates for highly efficient polymer solar cells.
Introduction
The dramatic growing demand for energy throughout the world has placed great emphasis on the exploration of new sources of energy. Solar energy has attracted much interest, as one of the more promising long-term solutions for clean, renewable energy. Compared to commercial inorganic solar cells, polymer solar cells have been developed quite recently, as conducting polymers themselves were discovered in 1977. 1 Several merits of polymer solar cells such as high mechanical flexibility, low fabrication cost, and availability of homogeneous films at large areas have created much research interest, and great efforts have been made to improve the efficiency.
2 So far, bulk-heterojunction solar cells, which are composed of an interpenetrating network of donors and acceptors, have played a leading role in realizing higher efficiencies. Efficiencies up to 4-5% have been achieved from poly(3-hexylthiophene) (P3HT) as the donor and a soluble fullerene derivative, (6,6)-phenyl C 61 -butyric acid methyl ester (PCBM), as the acceptor. 3 However, further improvement of P3HT-based PSC devices is difficult due to P3HT's intrinsic absorption limit. Therefore, developing low-bandgap photovoltaic materials is an alternative approach for achieving higher efficiency. Recently, some new low-bandgap polymers were reported and exhibited better performance up to 5-6%, 4 which provides a guideline for the material chemists to design and synthesize new polymer materials.
In order to obtain high-performance photovoltaic polymer materials, it is necessary to design and synthesize conjugated polymers with ideal properties, such as low bandgap, broad absorption range, high mobility, and appropriate molecular energy levels. One potential strategy to make suitable lowbandgap donor materials is to incorporate chromophors highly absorbing in visible and near-infrared regions. As a class of brilliant red high-performance pigments, 3,6-diaryl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP) has been applied in paints, plastic ink, electroluminescent devices, and transistors. 5, 6 The DPP unit has a well-conjugated structure, which leads to strong π-π interaction, 7 and the lactam part makes the DPP unit exhibit a high electron-withdrawing effect, and hence the DPP unit has high electron affinity.
6b Therefore, these properties make the DPP unit a potential electron-withdrawing unit in photovoltaic polymer materials, and its recent applications in organic solar cells appear hopeful. 8 As we know, the required properties of donor materials include not only strong and broad absorption to get good harvesting of sunlight but also proper molecular energy levels to get good charge separation and transportation as well as high open-circuit voltage. Therefore, it is necessary to design and synthesize DPP-based conjugated polymers with ideal properties for realizing high efficiency by copolymerizing with conjugated moieties having different electron-donating properties.
In this work, we selected several typical conjugated building blocks to tune the absorption and molecular energy levels to meet the requirements of an ideal donor toward highly efficient photovoltaic performance. Several commonly used conjugated blocks such as dithienosilole, fluorene, benzo[1,2-b;3,4-b]dithiophene, and benzo[2,1-b:3,4-b 0 ]dithiophene were copolymerized with DPP units to investigate the relationships between their structures and properties. To get a comprehensive understanding of the properties of DPP-based low-bandgap polymers in polymer solar cells, two other polymers, dithiophene-DPP and carbazole-DPP based polymers, were also discussed in this work.
9 tetraiodo-2,2 0 -bithiophene (7), and 7-(5,10-diethyl)hexadecyne 10 were prepared according to the published methods. 2-Thiophenecarbonitrile, dimethyl succinate, 2,7-dibromo-9,9-dioctylfluorene, 3-bromothiophene, and Pd(PPh 3 ) 4 were purchased from Sigma-Aldrich Chemical Co., 3-bromothiophene and 2-ethylhexyl bromide were purchased from Acros Chemical Co., and they were used as received. Hexane and tetrahydrofuran (THF) were dried over Na/benzophenone ketyl and freshly distilled prior to use. The other materials were common commercial level and used as received.
Instruments.
1
H and 13 C NMR spectra were measured on a Bruker arx-400 spectrometer. Absorption spectra were taken on a Varian Cary 50 ultraviolet-visible spectrometer. The molecular weight of polymers was measured by the GPC method, and polystyrene was used as a standard by using chloroform as eluent. TGA measurement was performed on a Perkin-Elmer TGA-7. The electrochemical cyclic voltammetry was conducted with Pt disk, Pt plate, and Ag/Ag þ electrode as working electrode, counter electrode, and reference electrode, respectively, in a 0.1 mol/L tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) acetonitrile solution. The polymer films for electrochemical measurements were coated from a polymerchloroform solution, ca. 5 mg/mL.
Fabrication of Polymer Solar Cells. Polymer solar cell devices with the structure of ITO/PEDOT-PSS/polymers:PC 70 BM (1:2, w/w)/Ca(10 nm)/Al(80 nm) were fabricated under conditions as follows: After spin-coating a 30 nm layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) onto a precleaned indium-tin oxide (ITO)-coated glass substrates, the polymer/PCBM blend solution was spin-coated. The concentration of the polymer:PCBM blend solution used in this study for spin-coating was 10 mg/mL, and dichlorobenezene was used as the solvent. The thickness of the active layer was ∼80 nm. The devices were completed by evaporating Ca/Al metal electrodes with an area of 9.5 mm 2 as defined by masks. Synthesis. The synthetic routes of the monomers and polymers are shown in Schemes 2 and 3. The detailed synthetic processes are as follows.
3,6-Dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1).
8, 11 Potassium tert-butylate (4 g, 35.7 mmol) was added to a round flask with argon protection. Then a solution of t-amyl alcohol (25 mL) and 2-thiophenecarbonitrile (3.27 g, 30 mmol) was injected by a syringe one portion. The mixture was warmed up to 100-110°C, and a solution of dimethyl succinate (1.46 g, 10 mmol) in t-amyl alcohol (8 mL) was dropped slowly in 1 h. When the addition was completed, the reaction was kept at the same temperature for about 1 h, and then the byproduct of methanol was distilled off and the reaction was kept for 2 h. Then the mixture was cooled to 65°C, diluted with 50 mL of methanol, and neutralized with acetic acid and reflux for another 10 min. Then the suspension is filtered, and the black filter cake is washed by hot methanol and water twice each and dried in vacuum to get coarse product and could be used directly to next step without further purification (2.55 g, yield 85%). 2,5-Diethylhexyl-3,6-dithiophen-2-ylpyrrolo[3,4-c]pyrrole-1,4-dione (2). Compound 1 (13.0 g, 43.3 mmol) and anhydrous potassium carbonate (24 g, 173 mmol) were dissolved into N,N-dimethylformamide (250 mL) in a two-neck round flask and heated to 145°C under argon protection. 2-Ethylhexyl bromide (38.6 g, 200 mmol) was injected one portion by syringe. When the reaction was stirred for 15 h at 145°C, the solution was cooled to room temperature, poured into 500 mL of icewater, and then filtered. The filter cake was washed by water and methanol several times. After drying in vacuum, the crude product was purified by silica gel chromatography using dichloromethane as eluent to obtain a purple-black solid powder (17.3 g, yield 76%). 2,5-Diethylhexyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]-pyrrole-1,4-dione (M1). Compound 2 (4.52 g, 8.62 mmol) and Nbromosuccinimide (3.14 g, 17.6 mmol) were dissolved into chloroform (200 mL) in a two-neck round flask under argon protection, and then the solution was protected from light and stirred at room temperature. After 40 h, the mixture was poured into 200 mL of methanol and then filtered. The filter cake was washed by hot methanol twice. After drying in vacuum, the pure product was obtained as a purple-black solid (17.3 g, yield 76%). 1 51 mmol) and 20 mL of anhydrous THF were put into a flask and cooled to -78°C. Subsequently, butyllithium (1.9 mL, 2.9 mol/L in hexane) was added dropwise. After stirring at -78°C for 30 min, 7 mL of trimethyltin chloride was added in one portion, and then the cooling bath was removed. After the reaction temperature warm up to ambient temperature, the reaction was stirred for another 1 h and then was poured into water and extracted by diethyl ether twice. After removing the solvent, M2 was obtained as sticky pale green oil (1.78 g, yield 95.6%) and used in the next 2,7-Bis(trimethyltin)-9,9-dioctylfluorene (M3). 2,7-Dibromo-9,9-dioctylfluorene (0.548 g, 1 mmol) and 30 mL of anhydrous THF were put into a flask and cooled to -40°C . Subsequently, butyllithium (2.4 mmol, 0.82 mL, 2.9 mol/L in hexane) was added dropwise. After stirring at -40°C for 1 h, 2.6 mL of trimethyltin chloride (1 mol/mL in THF) was added in one portion. Then the cooling bath was removed. After the reaction temperature warmed up to ambient temperature, the reaction was stirred for another 2 h and then was poured into water and extracted by diethyl ether twice. After removing the solvent, M3 was obtained as a sticky light yellow oil (0.69 g, yield 96.3%) and used in the next step without any further purification. mixture changed from yellow to red and then to orange. Then, 1-bromooctane (23.16 g, 120 mmol) and a catalytic amount of tetrabutylammonium bromide were added into the flask, and the reaction mixture was refluxed for 12 h. The reaction mixture was poured into cold water and extracted by diethyl ether two times. The ether layer was dried over anhydrous MgSO 4 . After removing solvent, the crude product was purified by recrystallization from ethyl alcohol to get compound 6 (27.28 g, yield 77%) as a colorless crystal. GC-MS: m/z = 446. Compound 6 (4.30 g, 6 mmol) and 100 mL of THF were added into a flask under an inert atmosphere. n-Butyllithium (13.2 mmol, 2.9 M in n-hexane) was added dropwise into the solution at rt, and after being stirred for 1 h at rt, a great deal of white solid precipitate appeared in the flask. Then, 14 mmol of trimethyltin chloride (14 mL, 1 M in n-hexane) was added in one portion, and the reactant turned clear rapidly. The cooling bath was removed, and the reaction was stirred at ambient temperature for 2 h. Then, it was poured into 200 mL of cool water and extracted by ether three times. The organic layer was washed with water two times and then dried by anhydrous MgSO 4 . After removing solvent under vacuum, the residue was recrystallized from ethyl alcohol two times. 4.03 g of compound M4 was obtained as colorless needle crystals (3.3 g, yield 71%). 
0 -bithiophene (34.4 g, 51 mmol), and zinc powder (8.6 g, 132 mmol) were added into the mixture of methanol (350 mL) and acetate acid (14 mL) in portions at 0°C and stirred for 50 min at 0°C. Then the mixture was filtered, and the filter cake was washed with methanol several times. The filtrate was collected, the solvent was removed, and the residue was recrystallized from methanol to get white powder (9.8 g, yield 45%). GC-Ms: m/z=418.
0 -bithiophene (1.0 g, 2.4 mmol) and 7-(5,10-diethyl)-hexadecyne (1.8 g, 7.2 mmol) and Pd(OAc) 2 (54 mg, 0.24 mmol) were added into a flask under argon protection. Then tributylamine (1.3 g, 7.2 mmol) and anhydrous DMF (10 mL) were added and warmed to 130°C. After 12 h the reaction was cooled to room temperature and poured into water and extracted by ethyl ether; the solvent was removed, and the residue was purified by column chromatography on silica gel with hexane as eluent to get a colorless sticky liquid (0.47 g, yield: 47%). GCMs: m/z =414. 1 75 mmol) and 20 mL of anhydrous THF were put into a flask and cooled to -78°C. Subsequently, butyllithium (0.60 mL, 2.9 mol/L in hexane) was added dropwise. After stirring at -78°C for 30 min, trimethyltin chloride (2 mL, 1 M) was added in one portion, and then the cooling bath was removed. After the reaction temperature warmed to ambient temperature, the reaction was stirred for another 1 h and then was poured into water and extracted by diethyl ether twice. After removing solvent, M5 was obtained as light yellow oil (0.54 g, yield 97.3%) and used in the next step without any further purification. 1 General Synthetic Procedure of PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP by Stille Reaction. The polymers were prepared by a similar procedure of coupling 2,5-diethylhexyl-3,6-bis(5-bromothiophene-2-yl)pyrrolo[3,4-c]pyrrole-1,4-dione. M1 and monomers of M2, M3, M4, and M5, respectively. 1.0 mmol of the monomer was put into a three-neck flask. Then 15 mL of degassed toluene and 1.0 mmol of M1 were added under the protection of argon. The solution was flushed with argon for 10 min, and then 30 mg of Pd(PPh 3 ) 4 was added. After another flushing with argon for 20 min, the reactant was heated to reflux for 18 h. Then the reactant was cooled to room temperature, and the polymer was precipitated by adding 50 mL of methanol, filtered through a Soxhlet thimble, and then subjected to Soxhlet extraction with methanol, hexane, and chloroform. The polymer was recovered as solid from the chloroform fraction by rotary evaporation. The solid was dried under vacuum for 1 day. The yield, 
Results and Discussion
Synthesis and Structural Characterization. The general synthetic strategy for the monomers and polymers is outlined in Scheme 3. In order to keep good solubility of the DPP derivative M1, 2-ethylhexyl chains were added to the lactam NH groups. M2 and M4 were synthesized by the reported methods.
4d, 9 Compound 8 was synthesized by zinc power reduction reaction on tetraiodobithiophene, compound 7, at 0°C in acid conditions. By Stille coupling reaction in toluene using Pd(PPh 3 ) 4 as catalyst at 110°C for 18 h, the polymers PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP were obtained with a yield of 40-60%. All the polymers are soluble in chloroform (CHCl 3 ), chlorobenzene, and dichlorobenznene. The weight-average molecular weights (M w ) of PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP were determined by gel permeation chromatography (GPC) against polystyrene standards in CHCl 3 eluent, and the detailed GPC data are listed in Table 1 . 0 ]dithiophene, their aromatic protons showed broader resonance peaks ranging from 6.7 to 7.8 ppm due to the polymeric characters. The resonance peaks of the methylene protons (marked e positions in Figure 1 ) of the ethylhexylor octyl-substituted side chains appear at 1.8, 1.9, 3.9, and 3.0 ppm.
Thermal Stability. Thermal stability of the polymers was investigated with thermogravimetric analysis (TGA), as shown in Figure 2 . The TGA analysis reveals that, in the air, the onset points of the weight loss with 5% weight-loss temperature (T d ) of PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP are 344, 349, 319, and 352°C. This indicates that all of them have good thermal stability against oxygen, which is very important in device fabrication process and other kinds of applications.
Optical Properties. The photophysical characteristics of the polymers were investigated by ultraviolet-visible (UV-vis) absorption spectroscopy in dilute chloroform solutions and as spin-coated films on quartz substrates. Figure 3a shows the absorption spectra of the PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP in chloroform, and the optical data including the absorption peak wavelength (λ max,abs ), absorption edge wavelength (λ edge,abs ) in both solutions and films, and the optical band gap (E g opt ) are summarized in Table 2 . It can be seen from Figure 3a that all the absorption spectra in dilute chloroform appear as two absorption bands. All of the polymers have an absorption band located at 300-500 nm, and the second broad absorption band from 500 to 900 nm in long wavelength region should correspond to the π-π* transition of the conjugated polymer main chains. Absorption spectra of these four polymers appear as near-infrared absorption, and the peaks are located at 798, 649, 750, and 727 nm for PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP, respectively. It was found that all four polymers in long wavelength regions exhibited shoulder peaks, which are related not only to the intermolecular aggregation state caused by the strong polarity of the lactam groups of DPP units 7 but also to the increased vibronic coupling associated with molecular rigidity imposed by molecular connectivity in solution measurements. From Figure 3b it can be seen that these four polymers show extended absorption edges in films in the NIR region, which can be attributed to the more aggregated configuration formed in solid state. The absorption edges are listed in Table 2 , corresponding to the optical bandgaps , M w , and PDI of the polymers were determined by gel permeation chromatography using polystyrene standards in CHCl 3 .
b The 5% weight-loss temperatures in the air. (E g opt ) of 1.29, 1.31, 1.31, and 1.34 eV for PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP, respectively.
Electrochemical Properties. Electrochemical cyclic voltammetry has been widely employed to investigate the redox behavior of the polymer and to estimate its HOMO and LUMO energy levels.
12 Figure 4 shows the cyclic voltammograms of PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP films on a Pt electrode in a 0.1 mol/L Bu 4 NPF 6 -acetonitrile solution. The results of the electrochemical measurements are listed in Table 3 . It can be seen from From the onset oxidation potentials (E onset ox ) and the onset reduction potentials (E onset red ) of the polymers, HOMO and LUMO energy levels as well as the energy gap of the polymers were calculated according to the equations LUMO=-e(E red þ 4.7) (eV) and HOMO=-e(E ox þ 4.7) (eV), where the units of E ox and E red are V vs Ag/Ag þ . The E LUMO and the E HOMO values of the polymers are included in Table 3 . Table 3 shows that the HOMO energy level of PDPP-F has the lowest value of -5.23 eV and that of PDPP-DTS has the highest value of -5.04 eV and PDPP-BDT and PBDPDPP appear to have middle values of -5.16 and -5.21 eV, respectively. Correspondingly, the LUMO energy level of PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP are -3.47, -3.60, -3.51, and -3.63 eV, respectively. The electrochemical bandgap, E g ec , calculated from E g ec = e(E onset ox -E onset red ), are 1.57, 1.63, 1.65, and 1.58 eV for PDPP-DTS, PDPP-F, PDPP-BDT, and PDPP-BDP, respectively.
In order to make a clear comparison, properties of two other DPP-based polymers, PBBTDPP2 and PCBTDPP, have also been listed in Table 3 according to the reported works. 8a,8e The results indicate that the bandgap as well as the molecular energy level of DPP-based polymers can be adjusted by copolymerizing with different electron-donating groups. When the electron-donating unit was replaced by carbazole, the HOMO energy level even reached -5.44 eV. The LUMO levels of these polymers also vary from -3.47 to -3.92 eV.
Photovoltaic Properties. The bulk heterojunction polymer solar cells (PSCs) were fabricated with a structure of ITO/PEDOT:PSS/polymers: PC 70 BM (1:2 wt %)/Ca/Al, where the polymers were used as electron donors and PC 70 BM was used as electron acceptor. Figure 6 shows I-V curves of the devices, and Table 4 lists the corresponding V oc , J sc , FF, and PCE of the devices under the illumination of AM 1.5G, 100 mW/cm 2 . Figure 6 shows the I-V curves of the devices, and V oc , J sc , FF, and PCE data were collected and listed in Table 4 . It is very clear that the PSC devices based on these four DPPbased polymers exhibit different open-circuit voltages, which are consistent with their HOMO levels. For example, PDPP-DTS exhibits a HOMO level of -5.04 eV, which is the highest value among these four materials; as a result, the open-circuit voltage obtained by PDPP-DTS was the lowest at only 0.55 V; accordingly, the highest V oc of these four materials was obtained from PDPP-F, the polymer having the lowest HOMO level.
As reported, the photovoltaic properties of conjugated polymers are very susceptible to molecular structure. Even for the conjugated polymers with identical conjugated main chains, their photovoltaic properties vary with their side chains. For example, the number of carbons in the alkyl side chain of polythiophene can greatly affect the hole mobility of poly(3-alkylthiophene) 13 as well as its photovoltaic properties, 14 and the PCE of poly(3-hexylthiophene):PCBM-based solar cell is about ∼10 times higher than that of the poly-(3-butylthiophene):PCBM-based device. Therefore, it is hard to reach a solid conclusion by comparison of the parameters, including FF, J sc , and hence PCE, of the devices based on these four DPP-based polymers.
It is worthy to mention that another DPP-based polymer, PBBTDPP2, exhibited some interesting photovoltaic properties in PSC devices. As reported, by using pure dichlorobenzene as solvent during the spin-coating process, the PCE of the device was 2.9%; however, PCE of the PDPP-BDPbased PSC device can be improved to 4.0% by using a mixed solvent of chloroform and dichlorobenzene. Since the polymer PDPP-BDP exhibited the highest PCE value in these four materials, it was selected to improve photovoltaic properties by using another different treatment during the device fabrication process. In this work, the annealing process in the glovebox was used to improve photovoltaic properties of the PDPP-BDP-based devices. We tried different annealing conditions of the device, and it was found that the best performance was obtained when the device was annealed under 110°C for 30 min. As shown in Table 4 , after annealing, the J sc and the FF of the device decreased slightly, but the V oc increased from 0.68 to 0.72 V, and as a result, the PCE was improved to 4.45% from 4.31%. This result indicates that annealing is not an effective approach to improve performance of PDPP-BDP-based devices, and further optimizations are in progress. The absorption spectrum of the PDPP-BDP:PC 70 BM blend film prepared under the same conditions as those described in the device fabrication section is shown in Figure 7 . The EQE curve of the PSC device is also plotted in Figure 7 for comparison. It is apparent that the device exhibits a very broad response range, covering from 300 to 850 nm, but the external quantum efficiency (EQE) of the device is within 40% for almost the whole absorption range. The main reason for the low EQE of the device is due to the limited absorbance value of the active layer; as shown in Figure 7 , it is known that the absorption in the long wavelength region is contributed by the polymer, and the absorption in the short wavelength region is mainly from PC 70 BM; however, the peak value of the absorbance in the long wavelength region is only ∼0.18, which means that only a small part of sunlight is absorbed in the device. As reported, the EQE of P3HT:PCBM or some of other low-bandgap polymer-based PSCs can exceed 60% or even 70%. Therefore, if the EQE of the device can be improved by increasing the thickness of the active layer without hampering charge separation and transport properties, the device performance can be improved significantly. Additionally, a ∼5% difference between the J sc and the integral of the EQE by the solar irritation spectrum, AM 1.5G, 100 mW, is observed, which provides good proof of the reliability for the photovoltaic results.
Conclusions
To improve the high efficiency of polymer solar cells, a soluble chromophore of 3,6-dithiophen-2-yl-2,5-dihydropyrrolo , and a fill factor (FF) of 61.8% was achieved, which is the best result thus far for DPP-based polymer materials. It is apparent that the PDPP-BDP-based device exhibit very broad response range, covering from 300 to 850 nm. The results of the solar cells indicate that these kinds of materials are very promising candidates for highly efficient polymer solar cells.
